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Abstract 
An iron base alloy containing 10 wt.% Cr and 10 wt.%Ni with a martensite start temperature around 180 °C has been developed 
by Ohta et al. Numerous studies have shown that Low ¤ ė ¢ÿ Transformation Temperature (LTT) welding consumables 
enable weld beads to be in compression after cooling. Owing to this, fatigue strength can be substantially improved. Low carbon 
martensitic stainless steel consumables (EN ISO 17633-A ̢ T Z 16 5 1) are widely available on the market in Europe, which 
also exhibit ¤ ė ¢ÿ low temperature transformation (around 225°C), despite dilution with base material. Experimental work 
conducted on partially penetrated symmetric and asymmetric fillet welded test pieces have shown good results with respect to 
weld root crack initiation and a substantial improvement of fatigue resistance with respect to weld bead toe crack initiation (m = -
5, FAT > 160). These results are all the more interesting because the weld bead connecting radius obtained with a heterogeneous 
welding consumable is smaller than with a homogeneous consumable such as G3Si1. This study shows that using a LTT –type 
consumable with designation G 16 5 1 is an interesting alternative to more conventional techniques such as TIG re-melting or 
high frequency mechanical impact to improve fatigue strength of welded structures. 
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1. Introduction 
Institut de Soudure and CETIM, the French Technical Centre for Mechanical Engineering, have been collaborating 
for more than 35 years to carry out projects for a professional technical committee comprising 25 major companies 
either manufacturing welding equipment or consumables, or using welding in production. 
Among the various research topics, fatigue strength improvement is of great interest to the commission’s members. 
Numerous studies have been conducted over the last 8 years, involving fatigue tests on either :  
- small test pieces, which are quick and cheap to manufacture and enable a first assessment of fatigue 
strength improvement techniques 
- or on medium-scale mock-ups (cf. Figure 1), which are more representative of real welded structures and 
thus enable to check whether the various fatigue strength improvement techniques are effective in a 
production environment. 
 
Figure 2 shows two examples of fatigue strength improvement techniques applied on medium-scale mock-ups. 
 
 
 
 
 
 
 
 
 
 
Figure 1 Medium-scale (1.2 m –long) mock-ups. 
Figure 3 summarises fatigue test results obtained for a reference case and 8 of these techniques, which shows that : 
- some techniques actually led to a slight fatigue strength reduction, e.g. disconnected “moustaches” 
- other ones led to a significant improvement, but sometimes with considerable scatter, e.g. in the case of 
additional weld beads 
- the most effective technique was found to consist in adding a plate at one end of the web, where residual 
tensile stresses are highest. 
 
All solutions investigated were therefore either linked to the welding procedure or involved some mechanical 
treatment or design. The use of a Low Temperature Transformation (LTT) welding consumables was seen as an 
interesting alternative as LTT welding consumables do not need to be used to weld an entire structure (LTT weld 
beads are only required areas where fatigue cracks are most likely to initiate). Besides, depositing an LTT weld is 
much quicker than for instance grinding a weld toe or applying High Frequency Mechanical Impact (HFMI), hence 
it is a highly cost-effective solution. 
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(a)                                           (b)                                         (c)
Figure 2 Two examples of fatigue strength improvement techniques investigated and applied on medium-scale mock-ups, with (a) 
HFMI and (b, c) additional plate at one end of the web, whose dimensions were determined by numerical simulation.
Figure 3 Summary of fatigue test results obtained with medium-scale mock-ups (reference case and eight fatigue strength
improvement techniques). R = 0.1, F = 70 kN
Though much work has been carried out over the last decade to develop and commercialize LTT welding 
consumables, it was found to be quite difficult to buy one, at least in small quantity (one spool). The aim of this
work was therefore to select a readily available martensitic stainless steel welding wire on the market based on all 
weld metal composition (i.e. Ms Temperature - Martensite start temperature) and determine if such a product may be
used to obtain the desired effect.
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2. Literature survey Overview 
2.1. Basics of fatigue strength improvement using LTT welding consumables: 
For welded structures subjected to fatigue, cracks generally initiate in welded areas as a consequence of large 
residual stresses arising from welding operations, in addition to geometrical changes (typically at weld root and 
toes) leading to stress concentrations in the vicinity of weld beads[1]. 
One way to improve fatigue resistance is thus to act on residual stresses in order to reduce these as much as possible, 
which can be achieved by several means such as shot or hammer peening, plastic deformation or heat treatment, 
which all require additional post-weld operations [1]. Another approach is to use LTT welding consumables and most 
publications related to LTT alloys deal with this topic [2]. 
LTT alloys have the ability to reduce residual stresses by means of transformation plasticity in order to 
compensation for thermal contraction [1]. LTT alloys developed over the last 10 years are iron-base alloys containing 
mainly Ni, Cr and Mn, the aim being to produce a mainly martensitic microstructure with an Ms temperature 
ranging from about 250°C to 150°C [1]. The mechanism leading to reduce, cancel or even reverse the large tensile 
stresses found in welded areas when using LTT alloys have been established and are due to the combination of three 
effects which have been reported by H. K. D. H. Bhadeshia et al [3]. 
A. Ohta et al. have plotted diagrams showing elongation and resulting stress level for both a conventional C-Mn 
welding alloy and a 10 wt.% Ni – 10 wt.% Cr LTT alloy, which clearly shows the expansion effect due to the 
austenite to martensite transformation at about 180 °C and resulting compressive stresses in the case of the LTT 
alloy, cf. Figure 4[4]. 
 
   
(a)                                                                   (b) 
Figure 4 Comparison of (a) elongation and (b) stress as a function of temperature for a conventional and an LTT welding 
consumable composition [4]. 
2.2.  LTT welding consumables development 
This section provides examples of experimental LTT welding consumables chemical compositions and calculated 
Ms temperatures, estimated using Andrew's empirical formula [5]: 
Ms = 539 - 423 C - 30.4 Mn - 17.7 Ni - 12.1 Cr - 7.5 Mo     (1) 
Where Ms is in °C and element concentrations are in wt.%. 
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It should be noted that actual alloy Ms temperatures may be significantly different to those calculated using an 
empirical formula based solely on chemical composition, as shown for instance by M.C. Payares-Asprino et al. in 
the case of LTT alloys[6]. Experimental alloy chemical compositions and calculated Ms temperatures are provided in 
Table 1. Alloys were classified from highest to lowest estimated Ms temperature. 
 
Table 1 Chemical composition (wt.%, balance = Fe) and calculated Ms temperature of some experimental LTT welding consumables, calculated 
using equation (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Alloy # C Si Mn P S Cr Ni Mo Other Estimated Ms temp., °C 
1[6] 0.040 0.20 0.89 - - 10.0 0.3 0.04 - 368 
2[7] 0.055 0.17 0.25 0.007 0.004 - 10.0 - - 331 
3[6] 0.040 0.16 0.86 - - 13.0 1.7 0.04 - 308 
4[8] 0.040 0.32 0.36 0.008 0.004 - 11.9 - 0.15 Cu 301 
5[6] 0.080 0.19 0.89 - - 14.7 0.3 0.04 - 295 
6[9] 0.035 0.25 0.43 0.021 0.002 12.0 5.3 0.46 - 269 
7[1] 0.048 0.60 0.53 0.005 0.005 1.0 12.5 0.39 0.029 O - 0.008 N 266 
8[10] 0.057 0.49 1.71 0.008 0.005 12.1 3 - 0.09 O - 0.006 N 263 
9[11] 0.010 0.73 1.50 0.009 0.009 12.9 4.0 0.06 - 262 
10[10] 0.058 0.4 1.67 0.007 0.003 12.0 3.3 - 0.08 O - 0.005 N 261 
11[2] 0.040 0.40 0.70 - - 10.0 8.0 - - 238 
12[6] 0.050 0.22 0.41 - - 3.0 13.2 0.35 - 233 
13[1] 0.022 0.28 1.26 0.004 0.007 8.5 8.9 0.03 0.025 O - 0.004 N 231 
14[12] 0.020 0.39 0.19 0.010 0.006 9.8 10.1 0.17 0.005 Nb 226 
15[1] 0.014 0.70 1.27 0.009 0.009 13.4 6.1 0.07 0.016 O - 0.024 N 224 
16[11] - 0.70 1.70 - - 13.6 5.9 0.01 - 218 
17[13] 0.051 0.25 0.73 0.008 0.003 10.1 8.8 - - 217 
18[14] 0.070 0.23 1.25 0.012 0.015 9.1 8.5 0.05  211 
19[4,15-17] 0.025 0.32 0.7 - - 10.0 10.0 0.13 0.01 Al 208 
20[7] 0.024 0.15 0.19 0.023 0.006 13.0 8.9 - - 208 
21[7] 0.029 0.15 0.19 0.022 0.007 15.7 7.1 - - 206 
22[2] 0.040 0.40 0.70 - - 10.0 10.0 - - 203 
23[9] 0.042 0.22 0.65 0.009 0.004 10.9 9.4 0.26 - 202 
24[18] 0.046 0.22 0.69 0.010 0.006 11.1 9.5 0.30 0.001 Nb 194 
25[13] 0.047 0.40 1.50 0.012 0.007 11.1 8.6 - - 187 
26[2] 0.040 0.40 0.70 - - 10.0 12.0 - - 167 
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As seen in Table 1, the carbon level of experimental LTT welding products is kept low as the average carbon 
content is 0.04 wt.%. With the exception of alloys number 1 to 5, which have unusual chemical compositions as 
these possess either little Cr or Ni and have incidentally higher Ms temperature, all contain substantial Cr and Ni 
contents. If we consider alloys #11 to 26, which all have an estimated Ms temperature below 250°C: 
- Besides carbon, manganese is the most efficient alloying element to decrease the Ms temperature. Mn is 
always added in experimental LTT welding consumables (on average 0.8 wt.%), but its concentration does 
not exceed 1.7 wt%. Indeed, since Mn stabilises austenite at low temperature, it can prevent the martensitic 
transformation from occurring if present in sufficient concentration. 
- The chromium content is on average 10.6 wt.%, but the actual concentration ranges between 3 and 16 wt.% 
depending on the alloy composition considered. Likewise, the nickel content is on average 9.1 wt%, but 
ranges from about 6 to over 13 wt.%. As can be seen in Figure 5, Cr, Ni and Mn contents are adjusted in 
order to obtain an alloy with sufficiently low Ms temperature. 
- Molybdenum appears to be almost an optional alloying elements, as half of the alloys do not contain Mo 
additions and the highest Mo content is 0.35 wt.%. This can be explained by the limited effect of this 
element on the Ms temperature (in comparison with Mn, Ni and Cr), in addition to the cost of this raw 
material. 
 
 
Figure 5 Comparison of alloy compositions [11-26], taking into account coefficients used for the calculation of Ms temperature 
in equation (1) 
2.3. Fatigue strength improvements obtained with LTT welding consumables 
Several studies have been published regarding fatigue strength improvement using LTT welding consumables. For 
instance, A. Ohta et al. have found that the fatigue limit of a 10 Cr – 10 Ni – 0.7 Mn welded joint can be about twice 
that of a conventional welded joint, see Figure 6(a)[4]. A further investigation showed that the fatigue strength of test 
pieces welded using the same alloy could be even higher (three times that obtained with the conventional welding 
consumable) if a post-weld heat treatment was applied [16]. W. Wang et al. have compared the fatigue strength of test 
pieces welded with a conventional C-Mn steel electrode and a 9.1 Cr – 8.5 Ni – 1.25 Mn LTT alloy [14]. As seen in 
Figure 6 (b), fatigue strength was improved by 59 % with the LTT product. 
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(a)                                                                  (b)
Figure 6 S-N curves showing the fatigue limit of conventional and LTT weld joints, (a) [4], (b) [14].
Karlsson et al. have performed the same comparison, with the use of a 13.4 Cr – 6.1 Ni – 0.7 Mn experimental LTT
alloy, which showed that the fatigue strength at 2 million cycles can be approximately doubled in the case of LTT
fillet welds and up to 60% higher in the case of LTT butt welds[1].
2.4. Other topics regarding LTT welding consumables
Other data relating to LTT –type welding consumables can be found in the literature, such as microstructure[6,9,11,14],
dilatometric curves [6-8,11,13,15], cracking tests[2,9,13], residual stress measurements[1,2,4,7,14,16], numerical simulation of 
residual stresses[7,8,13,17,18] and static mechanical properties[10,18].
3. Experimental framework
3.1. Manufacture of test parts
T-shape test specimen dimensions were chosen in order to ensure proper fixture in the servo-hydraulic testing
machine. As shown in Figure 7, overall test piece dimensions were 200 x 150 x 50 mm (width x height x depth) with
either single or double fillet welds.
(a)                                                             (b)
Figure 7 Test pieces dimensions, with (a) single and (b) double fillet welds.
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All test specimens were made of 12 mm – thick S355 J2+N carbon-manganese steel plates whose chemical 
composition is provided in Table 2.  
Mechanical properties provided by the inspection certificate are YS = 435 MPa, UTS = 579 MPa and A = 26%. 
 
Two welding consumables have been used in order to quantify potential fatigue strength improvements when using 
an LTT –type product: a conventional G3Si1 solid wire was used for the manufacture of reference test samples and 
an "LTT –type" welding product "was selected for the manufacture of LTT test specimens. 
 
As previously mentioned, LTT welding products are not readily available, as various formulations are still 
undergoing test to essentially optimize mechanical properties. It was thus decided to select a series of readily 
available welding products and select one having an Ms temperature within the range of LTT alloys Ms 
temperatures. Calculations led to the choice of a basic flux-cored welding consumable T Z 16 5 1 B M12 1 
(according to EN ISO 17633-A), which is a low carbon martensitic stainless steel containing about 16 Cr, 5 Ni and 1 
Mo (wt.%). This type of welding consumable is known to produce compressive stresses in the weld beads and thus 
enable the welding of X4CrNiMo16-5-1 steels without preheating. The low carbon content is an important feature of 
this type of alloy in order to obtain sufficient weld bead toughness. Besides, this welding product has a lower Ms 
temperature than for instance a 13 4 (410NiMo) -type consumable, which has been previously used in other studies 
[19, 20]. The all weld metal chemical composition of both G3Si1 and T Z 16 5 1 products is provided in Table 2. The 
chemical composition of the 16 5 1 product is rather close to the one of alloy #15 (see Table 1), though the Mo 
content is much higher in the case of 16 5 1. 
Table 2 Chemical composition of base metal and welding consumables (based on manufacturer inspection certificates), wt%. Balance = Fe. 
Material S355 J2+N G3Si1 T Z 16 5 1 B M12 1 
C 0.13 0.08 0.017 
Si 0.20 0.88 0.40 
Mn 1.54 1.55 0.976 
P 0.012 0.015 0.005 
S 0.004 0.012 0.007 
Cr 0.04 0.030 15.73 
Ni 0.02 0.02 5.37 
Mo 0.01 0.001 1.02 
Al 0.03 - - 
V 0.005 0.001 - 
Nb 0.023 - - 
Ti 0.005 - - 
N 0.003 - - 
Cu 0.03 0.11 - 
 
Plates were flame cut and ground prior to welding in order to remove any scale and ensure square edges in the area 
to be welded. Fillet welds were obtained by robotic GMAW of 500 mm –long tack welded assemblies, in the flat 
(PA) position. This welding position was chosen to obtain large toe radii whichever welding consumable is used, as 
the viscosity of the LTT –type product is expected to be greater and wetting may not be as good as for the 
conventional G3Si1 product as it is the case with every dissimilar welding procedure using stainless steel on 
structural steel. 
Welding parameters were adjusted in order to have a stable arc and to obtain a throat of 6 mm at least, when 
measured with a gauge. Welding parameters established for both welding consumables are provided in Table 3. 
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Table 3 Welding parameters used for the manufacture of test specimens. 
Welding parameters G3Si1 T Z 16 5 1 B M12 1 
Wire feed speed, m/min 12 13 
Current, A 380 355 
Voltage, V 32.5 29.7 
Travel speed, m/min 35 30 
Heat input, kJ/cm 21.2 21.1 
Torch angle 10° pushing 10° pushing 
Welding position PA PA 
Wire stick-out, mm 17 17 
Shielding gas Ar – 18% CO2 Ar – 2.5% CO2 
  
After checking weld bead dimensions (throat and toe radii) on cross-sectional macrographs, test specimens were 
finally cut from the 500 mm –long assemblies taking care not to generate cracks due to vibrations and discarding 
assembly edges. 
3.2. Residual stress measurements 
Residual stress (RS) measurements were performed on samples welded using G3Si1 and the LTT –type product, 
with the X-ray diffraction technique (certified by Cofrac n°1-1014) using a Precix system. This technique is based 
on the fact that the displacement of diffraction peaks (change in θ value) is directly related to an elastic deformation 
of the crystal lattice (variation of d). Measurements were performed using Cr-Kα radiation, diffracted at 2θ = 156° 
in the atomic plane (211) of the steel. According to the EN-15305 standard, these testing conditions give the strain 
localised 6 μm below the surface of a sample [21]. 
RS magnitudes were determined using the sin2ψ technique, which consists in measuring distance variation between 
atomic plans d(I,ψ) of a (hkl) family for different incidence angles (ψ) in a given direction (M). In this study, for 
each direction, seven incidence angles (ψ = 0 and 6ψ > 0) have been considered to obtain equivalent intervals in the 
sin2ψ axis and to obtain sin2ψ ≤ 0.45. The radiocristallographic constants used for the reflexion plane (211) in 
residual stress calculations are ½ S2 = 5.83 10-6 MPa-1 and S1=-1.28 10-6 MPa-1. 
The diffraction pattern position was then determined by the centred-barycentre method developed by Cetim [21].  RS 
were measured in two directions, φ = 0° and 90°, which are transverse (T) and longitudinal (L) to the weld, 
respectively. The X-ray spot size was adapted to the measurement zone. Samples had to be machined (far from the 
welded zone) in order to be able to do the measurement with the device. Figure 8 shows the locations where RS 
measurements were obtained and where specimens were cut. 
RS measurements were also performed at 200 μm below the surface of samples, after etching the samples using 
fluoroboric acid (hf). The overall uncertainty for a data confidence level of 95% is considered as a combination of 
the uncertainty of linearity of the sin2ψ function and the statistical uncertainty. The uncertainty is calculated by the 
mean value of each uncertainty of measurement for a given analysed sample. 6 μm below the surface, the 
uncertainty does not exceed 50 MPa, but it rises to about 100 MPa in the case of measurements 200 μm below the 
surface of samples. 
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Figure 8 Locations where RS measurements were performed on welded samples, with 1 base metal ; 2 and 6 HAZ ; 3 and 5 weld
toes and 4 FZ. Note : dashed lines show where specimens were cut.
As previously mentioned, RS measurements have been performed on samples welded using G3Si1 and the LTT –
type product, at different stages of fatigue life for an applied stress Vmax = 260 MPa in the case of samples welded 
with the LTT -type product and Vmax = 250 MPa in the case of the G3Si1 product.
3.3. Fatigue testing
Fatigue tests were carried out on a 25 kN Instron servo-hydraulic machine enabling transverse bending of the web,
as shown in Figure 9. Curves were established from results obtained with 15 test samples for each type of welding
consumable, with R = -1.
Loads to be applied are calculated by taking into account dimensions shown in Figure 9(b), using the following
formulae: ο	 ൌ ଶ஢ౣ౗౮ Ǥୠ Ǥ୲మ଺ୈ (2)
(a)                                                             (b)
Figure 9 (a) Experimental setup and (b) test piece dimensions used in calculations
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Fatigue curves have been obtained for test samples with single and double fillet welds, welded with both welding 
consumables, in order to quantify potential fatigue strength improvements when using the T Z 16 5 1 B M12 1 
consumable (hereafter referred to as “LTT –type” or “16 5 1”) rather than a conventional G3Si1 consumable. 
 
As residual stresses arising from the welding operation must be considered, this stress ratio was chosen in order to 
observe a possible residual stress relaxation phenomenon. 
 
All fatigue tests were performed at room temperature with load control until failure or up to 2 million cycles. In the 
case of LTT –type double fillet welds, two tests were stopped at approximately quarter and half-life in order to 
perform residual stress measurements. 
 
4. Results and discussion 
4.1. Selection of the LTT –type welding consumable 
Table 4 provides the chemical composition of the S355 J2+N plates, that of the LTT –type welding product (AWM) 
selected and the theoretical chemical composition of the fusion zone depending on dilution level, as well as 
estimated Ms and Mf temperatures. 
It appears that in spite of up to 20 % dilution with the base material, the resulting Ms temperature is not expected to 
exceed about 255 °C when using the 16 5 1 welding consumable. 
 
As the carbon content still remains low despite dilution (about 0.04 wt.%), the resulting weld microstructure is low 
carbon martensite, which should have reasonable toughness. For these reasons, the selected LTT –type cored wire 
has been considered to be a good candidate for the investigation. 
Table 4 Chemical compositions of S355 J2+N plates, 16 5 1 LTT-type welding consumable (AWM) and effect of dilution upon weld bead 
chemical composition and resulting estimated Ms and Mf temperatures. 
Alloy C Mn Cr Ni Mo Ms, °C Mf, °C 
S355 J2+N 0.13 1.54 0.04 0.02 0.01 436 336 
LTT (16 5 1) 0.017 0.98 15.73 5.37 1.02 209 109 
LTT with 10% dilution 0.028 1.04 14.16 4.84 0.92 232 132 
LTT with 20% dilution 0.040 1.09 12.59 4.30 0.82 254 154 
LTT with 30% dilution 0.051 1.15 11.02 3.77 0.72 277 177 
 
Predictive diagrams in Figure 10 and Figure 11 show that the microstructure of LTT –type weld beads are expected 
to be essentially martensitic, with at least 90 % martensite. 
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Figure 10 WRC-1992 diagram showing the position of S335 J2+N, 16 5 1 and weld bead composition, considering
20% dilution. Note : the weld composition is positioned above 7 wt.% on the y-axis (Ni Equiv.) as the introduction of 
nitrogen in the weld is taken into account [22]
Figure 11 Balmforth diagram showing the position of the calculated weld bead composition, considering 20% dilution.
Note : The Weld chemical composition is within the range over which the diagram was developed, except for Ni and Mo [22]
16 5 1 S355 J2+N Weld 
Weld 
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4.2. Specimen geometrical characteristics 
Following the establishment of welding parameters, cross-sectional macrographs were produced in order to check 
weld soundness and perform geometrical measurements on weld beads. As shown in Figure 12, welding in the flat 
position enabled to obtain reasonably good toe radii. One important difference between welding consumables is 
weld bead penetration, which is much higher in the case of the G3Si1 welding consumable, even though the heat 
input is identical with both wires. This difference is due to the fact that the LTT consumable is a cored wire, in 
addition to the chemical composition of the wire and that of the shielding gas. Though it is generally not seen as an 
advantage for welding applications, lower penetration is in fact a good thing when using LTT –type products in 
order to reduce dilution and thus keep the Ms temperature lower. 
 
  
(a)                                                             (b) 
Figure 12 Cross-sectional macrographs of beads welds produced with (a) G3Si1 and (b) LTT welding consumables. 
Consequently, the actual throat is much greater for G3Si1 welded test specimens, as shown in Table 5. Toe radii are 
also significantly higher for G3Si1 welded test pieces, as a result of reduced wetting capability of the LTT –type 
consumable. 
Table 5 Geometrical measurements performed on weld bead cross-sections. 
Measured item  G3Si1 weld bead LTT -type weld bead 
Apparent throat (measured with a gauge), mm 6.4 6.5 
Real throat (measured on macrographs), mm 12 8 
Toe radius on web side, mm 0.7 0.3 
Toe radius on flange side, mm 1.4 1.0 
 
4.3. Fatigue test results 
Fatigue test results for double fillet welds are summarized in Figure 13. For a 50% survival probability level, a mean 
fitting curve is obtained considering a least square linear regression as ' V m.log  C log  N log  with the fatigue 
data considering log N as a function of 'V (only the failed fatigue tested samples are considered); m is the slope 
coefficient of the curve in log-log [24]. A design curve at 95% survival probability and 75% confidence interval is 
calculated and presented as well in Figure 13. 
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As expected, 16 5 1 enables a substantial increase in fatigue strength since:
- the allowable stress range is on average about 60% higher at 2 million cycles when using the 16 5 1 
welding consumable;
- the slope coefficient of the S-N curve is m = 3 in the case of the G3Si1 welding consumable (which is the
typical value obtained when cracking occurs at the weld toe in web side), whereas m ~ 12 in the case of the 
16 5 1 welding consumable (with crack initiating at the weld toe in flange).
Figure 13 Fatigue test results obtained for test specimens with double fillet welds.
An observation of fracture surfaces led to the following results:
- In the case of test pieces welded with G3Si1, cracks systematically initiate at the weld toe, on the web side.
- In the case of test pieces welded with the LTT –type product, only 30% of the cracks initiate at the weld toe
on the web side, while the other 70% initiate at the weld toe on the flange side.
Geometrical measurements were performed on several test samples macrographs in an attempt to understand why
most LTT test pieces broke on the flange side. Macrographs showing both situations as well as measured weld toe
radii are provided in Figure 14. Interestingly, weld toe cracking can also be observed on the test specimen for which
cracking occurred on the flange side, but the small crack, indicated by a red arrow in Figure 14(a) and (c) did not 
have time to propagate through the web. Geometrical measurements revealed that weld toe radii are significantly
smaller on the flange side in the case of this sample, which can account for this behaviour, though additional data
from numerical simulation would be required to fully understand this phenomenon.
Though fatigue test results obtained with the LTT –type welding consumable can be considered as highly
satisfactory, one would have expected even better results with larger toe radii on the flange side, hence crack 
propagation on the web side. Improving the wetting characteristics of the LTT –type welding consumable is
therefore a major goal for further work.
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(a)                                                                   (b)
(c)
Figure 14 Cross-sectional macrographs of two fatigue test pieces welded using the 16 5 1 product, showing weld toe cracking (a)
on the flange side and (b) on the web side; (c) cross-sectional macrograph of a fatigue test piece welded using the 16 5 1 product,
showing weld toe cracking on the web side.
Notes: presence of a small fatigue crack, indicated by a red arrow. Measured radii values are in mm. The weld bead 
microstructure appears to be fully martensitic.
For single fillet welds, fatigue test results are summarized in 
Figure 15 with mean curve and design curve. Since cracking occurred at the weld root, using an LTT –type welding
product does not improve fatigue strength. In fact, fatigue strength is slightly higher with the G3Si1 welding
consumable. The lack of fatigue strength improvement when using an LTT –type welding consumable can be 
explained by the fact that the notch effect is dominant in the case of single fillet T welds failure.
Figure 15 Fatigue test results obtained for test pieces with single fillet welds
1.05 
1.18 1.36 
0.84 1.04 
0.90 1.34 
0.82 
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4.4. Residual stress analyses
Figure 16 presents transversal and longitudinal residual stress results determined by numerical simulation of welding
in the case of a single fillet weld of steel plates using G3Si1. The weld root is in compression even with a G3Si1
welding product, hence using an LTT –type consumable does not appear to give any benefit when cracking occurs at
the root [23] as seen in Figure 15.
In the case of samples welded with the LTT –type product, measurements carried out at 6 μm below the surface did
not reveal any RS relaxation, after 500 000 cycles (half-life). Measurements carried out at a depth of 200 μm did
however show some changes, as seen in Figure 17 :
- Regarding the fusion zone, whereas transverse RS remained close to zero up to 250 000 cycles (location 4
in Figure 17), a value of about -300 MPa (compression) was found after 500 000 cycles. Longitudinal RS
values remained approximately unchanged in this area.
- Regarding the weld toe on the flange side, compressive RS can be observed in the transverse direction 
whereas tensile stresses are observed in the longitudinal direction (location 3 in Figure 17), respectively.
- Regarding the weld toe on the web side, compressive RS can also be observed in the transverse direction 
whereas (location 5 in Figure 17).
As far as fatigue strength is concerned, the most important result here is that weld toe regions are in compression in
the transverse direction, perpendicular to loading.
In the case of samples welded with G3Si1, no significant evolution in RS values was noticed: measurements were
carried out for the initial state (0 cycles) and after 2 million cycles for all 6 locations defined previously but also on 
the second fillet weld. Both sides of the weld exhibit similar RS results.  
(a)                                                             (b)
Figure 16 Transversal and longitudinal residual stresses determined by numerical simulation of welding in the case of a single 
fillet weld of steel plates using G3Si1, with (a) σxx and (b) σyy.
x
y
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Figure 17 Transversal and longitudinal RS values determined 200 μm below the surface of LTT samples, after 0, 250 000 and 500 000 cycles.
Note: 1 base metal ; 2 and 6 HAZ ; 3 and 5 weld toes and 4 FZ.
5. Conclusions and further work
This work has shown that a readily available 16 5 1 LTT –type welding consumable can improve significantly the
fatigue strength in the case of double fillet welds (in comparison to a conventional G3Si1 product), when cracking
occurs at a weld toe. For instance, at 2 million cycles, the allowable stress range is on average 60% higher. Benefits
of the 16 5 1 product are clear not only from the stress range values, but also when considering the average slope of 
the S-N curve. However, in the case of single fillet welds, cracking occurs at the weld bead root and the use of an 
LTT –type welding product is no benefit.
In order to verify the benefit of LTT-type welding product on mock-up, a series of 6 medium-scale mock-ups have 
been manufactured using a G3Si1 welding consumable and applying the same welding procedure used for the
manufacture of mock-ups with end weld beads (cf. Figure 3). An additional weld bead was deposited at each end of 
the web using the same T Z 16 5 1 B M12 1 LTT –type welding consumable, as can be seen in Figure 17. Fatigue
testing is currently underway.
Figure 18 Addition of LTT weld beads at the web edges of a medium-scale mock-up using robotic GMAW.
Transversal direction Longitudinal direction
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